INTRODUCTION
============

Cell migration is a fundamental process pivotal to physiological as well as pathological conditions. Dysregulation of cell migration can lead to developmental defects and diseased conditions including cancer ([@B17]). During three-dimensional cell migration, that is, migration through interstitial matrices, cells must overcome the steric hindrance provided by the matrix. To circumvent this steric hindrance, cells secrete proteases that degrade the matrix, thereby enlarging pores and enabling cell migration ([@B69]; [@B18]). Alternatively, in cells that are incapable of degrading the extracellular matrix (ECM), cells must squeeze through preexisting pores in the matrix ([@B67]; [@B33]; [@B19]). For these cases, successful migration presumably requires both the cell and the nucleus to be soft to enable rapid changes in cell/nuclear shape ([@B68]; [@B29]).

Given the necessity of increased cell/nuclear deformability for migration through matrices, it is perhaps not surprising that highly invasive cancer cells that metastasize to distant organs are often softer than their nontransformed counterparts. Indeed, cell softening has been linked with higher cancer invasiveness and higher metastasis efficiency ([@B57]; [@B48]; [@B70]). However, cell softening may not be sufficient in sustaining invasion through dense interstitial matrices, where nuclear squeezing represents the rate-limiting factor as the nucleus cannot be deformed below 10% of its uncompressed size ([@B68]; [@B28]; [@B38]). Loss of lamin A/C, the major nuclear envelope protein dictating physical properties of the nucleus ([@B10]), has been shown to promote cell migration under confinement through increased nuclear deformability ([@B11], [@B12]; [@B22]).

While the above studies illustrate the individual importance of cell and nuclear deformability in dictating migration through confined environments, their relative importance remains unclear. Further, it is likely that the extent of confinement determines the individual influence of these parameters on cell invasiveness. In addition, the geometry of confinement may also provide additional cues that enhance or inhibit cancer invasiveness. Experimentally probing the contributions of these individual components on cell invasion remains a challenge due to the large parameter space. Additionally, given the physical coupling between the cell and its nucleus, independent modulation of either cell stiffness or nuclear stiffness is experimentally challenging, thereby making it difficult to discern their individual importance during invasion. In such cases, computational modeling approaches where properties of the cell and the nucleus can be accounted for and independently tuned represent a useful alternative to augment experimental studies. Of the multiple mathematical formalisms, Monte Carlo simulation-based cellular Potts modeling (CPM) approach is particularly well suited to study deformable entities and has been used to study many important phenomena including collective cell migration ([@B25]; [@B62]; [@B15]), angiogenesis ([@B5]), tumor growth ([@B55]), cell spreading/patterning ([@B26]; [@B59]; [@B6]; [@B2]), and cancer invasion ([@B60]; [@B30]).

In this article, we have used multicompartment CPM to develop a computational model of confined cell migration that accounts for cell/nuclear dimensions and their stiffness. By simulating migration of a multicompartment cell through channels of different sizes, we show that cell softening is critical for sustaining migration in confined environments, with additional nuclear softening required when migrating through subnuclear sized channels. Interestingly, our results suggest that the requirements of cell/nuclear stiffness during cell entry into channel and transit through the channel are distinct. Our findings also implicate confinement shape and confinement geometry as two important cell extrinsic factors that influence invasion efficiency, with gradual increase in extent of confinement fostering migration and sharp increase in confinement inhibiting migration. This study also demonstrates that confinement history, that is, the extent of confinement witnessed by a cell in recent past, also influences the efficiency of cell invasion. Taken together, our results suggest that cell/nuclear deformability, confinement architecture, and confinement history collectively regulate invasion efficiency.

RESULTS
=======

Multicompartment model of cell migration under confinement
----------------------------------------------------------

For probing the relative importance of cell and nuclear softening on protease-independent migration through confined environments, we developed a Monte Carlo simulation-based CPM ([@B58]), which allows independent control of cell and nuclear deformability. While several computational models have been developed for exploring confined cell migration, most of these models do not account for the properties of the nucleus, which being the stiffest and the largest organelle inside the cell, is expected to majorly influence migration efficiency ([@B68]; [@B29]; [@B12]; [@B34]; [@B38]). In this work, using a multicompartment modeling approach, we have developed a computational framework that provides independent control of cytoplasmic and nuclear deformability thereby facilitating exploration of nuclear dynamics during confined migration. In our model, cell was modeled as a nine-compartment entity with the center compartment representing the nucleus and the remaining eight compartments representing the cytoplasm ([Figure 1A](#F1){ref-type="fig"}). Each compartment area was estimated to be 25 μm^2^ based on experimentally determined average spread area of MDA-MB-231 cells (Supplemental Figure S1, A and B; see *Materials and Methods* for details). To model cytoplasmic and nuclear deformability, all the compartments were allowed to change their position and shape over time, retaining the connectivity between the individual components. To control the extent of deformability, all compartments were subjected to area and perimeter constraints, with area constraint modeling the effect of bulk stiffness and perimeter constraint modeling line tension ([@B16]). While the area constraint prevents a compartment from becoming too large or too small, the perimeter constraint of a compartment ensures that the compartment does not undergo excessive deformations ([@B58]; [@B30]).

![Multicompartment model of a single cell taking size, shape, and stiffness of the cell and nucleus into consideration. (A) Cell was modeled as a nine-compartment entity with the central compartment representing the nucleus (blue) and the other eight compartments representing the cytoplasm (orange). (B, top panel) Representative cell/nuclear phenotypes for various combinations of cell perimeter constraint (λ*~p,C~*) and nuclear perimeter constraint (λ*~p,N~*). (B, bottom panel) Representative cell/nuclear phenotypes for various combinations of cell area constraint (λ*~a,C~*) and nuclear area constraint (λ*~p,N~*). On the basis of our experimental data, we assumed that λ*~p,N~* ≥ λ*~p,C~* and λ*~p,N~* ≥ λ*~p,C~*. (C, left) Standard deviation in cell area for four different combinations of λ*~p,C~* and λ*~p,N~*. (C, right) Standard deviation in nuclear area for four different combinations of λ*~p,C~* and λ*~p,N~*. (D, left) Standard deviation in cell area for four different combinations of λ*~p,C~* and λ*~p,N~*. (D, right) Standard deviation in nuclear area for four different combinations of λ*~p,C~* and λ*~p,N~*. (E) Chemotaxis-mediated cell migration through varying extents of confinement was simulated by allowing a cell to migrate though a 300-μm-long channel of various widths (φ).](mbc-29-1599-g001){#F1}

To independently control cell and nuclear deformability, we selectively varied the area/perimeter constraints of the cytoplasmic compartments (λ*~a,C~* or λ*~p,C~*) and the nucleus compartment (λ*~a,N~* or λ*~p,N~* ), with these parameters influencing cell/nuclear stiffness. Since experimentally measured estimates of nuclear stiffness (2--6 kPa) were higher than that of cell stiffness (0.5--2.5 kPa) (Supplemental Figure S1, C--E), we assumed λ*~a,C~*≤ λ*~a,N~* and λ*~p,C~* ≤ λ*~p,N~* in our simulations with max(λ*~a,C~*) = 0.5 × max (λ*~a,N~*) and max(λ*~p,C~*) = 0.5 × max (λ*~a,N~*). The different combinations of (λ*~a,C~*, λ*~a,N~*) and (λ*~p,C~*, λ*~p,N~*) allowed us to generate different cell/nuclear phenotypes ([Figure 1B](#F1){ref-type="fig"}; Supplemental Videos V1--V3). To assess the sensitivity of cell and nuclear deformability to cell/nuclear constraints, we quantified the extent of variation (i.e., SD) in cell volume and nuclear volume for different combinations of area constraints, that is, (λ*~p,C~*, λ*~p,N~*) and perimeter constraints, that is, (λ*~p,C~*, λ*~p,N~*). As expected, increase in perimeter and area constraints led to decrease in fluctuations of cell/nuclear volume with ≈20% drop in cell volume fluctuation and a 28% drop in nuclear volume fluctuation observed on increasing (λ*~p,C~*, λ*~p,N~*) from its lowest considered value (i.e., (2,2) ) to its highest considered values (i.e., (10,20) ) ([Figure 1C](#F1){ref-type="fig"}). Comparatively, a stronger influence of cell/nuclear area constraint was observed on cell/nuclear volume fluctuations ([Figure 1D](#F1){ref-type="fig"}).
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To model cell migration under confinement, a two-dimensional computational model was developed wherein a multicompartment cell (as described above) was allowed to transit through a 300-μm-long channel of defined width (φ = 3, 5, 7, and 17 μm) ([Figure 1E](#F1){ref-type="fig"}). Our computational model closely resembles microfluidic channels used for studying confined cell migration and for visualizing nuclear deformations during migration through confined environments ([@B11], [@B12]). In vivo, such situations can arise during cell migration at tissues interfaces ([@B65]; [@B3]). Because chemotaxis represents one of the major directional forces that facilitates such motion ([@B51]), in this work, constant gradient-directed cell migration was simulated. Spatiotemporal evolution of the simulation lattice was governed by random movement of individual pixels subjected to transition probabilities based on the Monte Carlo method ([@B58]; [@B30]). In brief, two neighbor pixels are selected randomly and one of the pixel is moved to other one (called copy-index event; refer to *Materials and Methods*) (Supplemental Figure S2A). The change in energy Δ*E* caused by this random move is calculated and the move is accepted if Δ*E* ≤ 0. Otherwise, the proposed move is accepted with probability p given by (Supplemental Figure S2B). The developed model was implemented using the freely available open-source software package CompuCell3D (CC3D) ([@B58]) and custom-written Python scripts. Refer to *Materials and Methods* and the Supplemental Material for further details.

Computational simulations predict differential sensitivity of entry efficiency to cell and nuclear deformability
----------------------------------------------------------------------------------------------------------------

Previous studies have demonstrated that cell and nuclear deformability play important roles in sustaining migration through dense interstitial matrices ([@B52]; [@B68]; [@B34]). However, it is experimentally challenging to dissect the individual and collective contributions of cell and nuclear deformability in influencing cell invasiveness. To address this, simulations were performed for four different values of channel sizes, that is, *φ* = (3, 5, 7, 17) μm, and nine different combinations of cell/nuclear perimeter constraints, that is, (λ*~p,C~*, λ*~p,N~*) = (2,2), (2,5), (2,10), (2,20), (5,5), (5,10), (5,20), (10,10), (10,20) . In these simulations, cell/nuclear area constraints were kept constants at (λ*~a,C~*, λ*~a,N~*) = (2,2) . At least 100--200 simulations for each of the 36 scenarios (=4 values of *φ* \* 9 combinations of cell/nuclear stiffness) were performed where cell migration through the confined channel was simulated for 40 h and position of the cell at the end of the simulation was extracted to quantify the extent of invasiveness of the cell.

At the end of the simulations, a cell can 1) be at the start of the channel, signifying that it could not enter the channel (Supplemental Video V4); 2) be inside the channel, signifying that cell entered the channel but could not pass through the channel (i.e., got trapped inside the channel) (Supplemental Video V5); or 3) have reached the channel end-point, signifying that cell entered the channel and transited through the channel successfully (Supplemental Video V6) ([Figure 2A](#F2){ref-type="fig"}). From the end position of the cells, we quantified *entry efficiency* defined as the percentage of cases the cell successfully entered the channel. For the cases where the cell entered the channel, in a proportion of cases, the cell got trapped inside the channel ([Figure 2B](#F2){ref-type="fig"}, red), while for the remaining cases, the cell successfully transited the channel ([Figure 2B](#F2){ref-type="fig"}, green). Near complete trapping inside the channel for demonstrates the role of cell deformability in modulating invasion efficiency ([Figure 2B](#F2){ref-type="fig"}). In channels of widths less than nuclear dimensions (i.e., *φ* = 3 μm), in ≥50% of the cases, the cell was unable to enter the channel. This observation is in agreement with an experimental study wherein ∼50% drop in invasion efficiency was observed when pore size was decreased from 8 to 3 µm ([@B52]). Intriguingly, highest cell entry was observed at moderate cell/nuclear perimeter constraints, suggesting that too-soft or too-stiff cells are unfit to invade through confinement lesser than nuclear size. While this may be attributed to loss of directionality for the case of very soft cells, for the case of very stiff cells it may be due to their inability to deform ([Figure 1B](#F1){ref-type="fig"}). Additionally, in line with experimental findings ([@B4]), cell length was found to increase with increasing extent of confinement (Supplemental Figure S3). Such stretching of the cell under confinement is a consequence of cell area/perimeter constraints used in our formalism that ensure an approximately fixed cell size. When migrating through channels wider than cell dimensions, the cell was observed to preferably migrate along one wall (Supplemental Video V7), which has also been observed experimentally ([@B47]).

![Cell entry efficiency for different values of cell and nuclear deformability. (A) Schematic showing the initial position and final position(s) of a cell migrating through a confined channel for three different combinations of perimeter constraints (λ*~p,C~*, λ*~p,N~*): 1) cell failed to enter the channel for and *φ* = 3 μm, 2) cell entered the channel but got stuck inside the channel for and *φ* = 5 μm, and 3) cell successfully exited the channel for and φ = 5 μm. (B) Statistics of entry efficiency into channels of various widths for different combinations of (λ*~p,C~*, λ*~p,N~*). Data were collected from 100 to 200 simulations per condition. Red denotes the percentage of cases where the cell entered the channel but got stuck inside. Green denotes the percentage of cases where the cell successfully exited the channel. (C) Statistics of entry efficiency into channels of various widths for different combinations of cell/nuclear area constraints (λ*~p,C~*, λ*~p,N~*).](mbc-29-1599-g002){#F2}
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While the above results provide insights on the influence of cell/nuclear perimeter constraints (i.e., λ*~p,C~* and λ*~p,N~*) on cell entry efficiency, cell/nuclear area constraints were kept constants in these simulations. While both area and perimeter constraints are expected to influence cell deformability ([@B58]), no systematic study has been performed to assess the relative importance of these two constraints. To probe if cell/nuclear area constraints influence entry efficiency similar to that of cell/nuclear perimeter constraints, simulations were performed for nine combinations of cell/nuclear area constraints, that is, (λ*~a,C~*, λ*~a,N~*) = (2,2), (2,5), (2,10), (2,20), (5,5), (5,10), (5,20), (10,10), (10,20) . Cell/nuclear perimeter constraints were kept constant at the lowest values, that is, (λ*~p,C~*, λ*~p,N~*) = (2,2) . Quantification of migration trajectories revealed that, in contrast to above simulations with various perimeter constraints, increase in area constraints did not appreciably alter entry efficiency, except in channels smaller than nuclear dimensions where entry efficiency was nearly zero for all values of area constraints ([Figure 2C](#F2){ref-type="fig"}). In addition to revealing the expected dependence of entry efficiency on the extent of confinement, these results are indicative of a greater sensitivity of entry efficiency to cell deformability, with a stronger dependence on perimeter constraint compared with area constraint.

Influence of cell/nuclear deformability on invasion efficiency
--------------------------------------------------------------

To further probe the dependency of invasion efficiency on cell and nuclear deformability, for the cases when the cell successfully entered the channel, migration trajectories of the cell were analyzed to determine *entry time* (*t*~entry~), that is, the time required to enter the channel from the start of the simulations ([Figure 3A](#F3){ref-type="fig"}). To calculate *t*~entry~, we tracked the displacement of the cell centroid from its initial position to the time when it crosses the channel entry ([Figure 3B](#F3){ref-type="fig"}). In simulations performed with constant area constraints and various perimeter constraints, for channels comparable or larger than the nucleus (φ ≤ 5 μm ), entry time was insensitive to nuclear stiffness and dictated solely by celvl stiffness ([Figure 3C](#F3){ref-type="fig"}). This effect of cell stiffness was even more pronounced with increase in the extent of confinement (i.e., lower values of *φ*). In channels of sizes lesser than nuclear size (*φ* = 3 μm), entry time increased only when nuclear stiffness was increased to its maximum value, that is, .

![Influence of cell and nuclear deformability on invasion efficiency. (A) Schematic showing position of the cell at the start of the simulations, at the point of channel entry, and at the point of channel exit. (B) A representative trajectory of the cell showing the distance traveled by the cell centroid from its original position as a function of time. *t*~entry~ represents the time at which the cell centroid crosses the channel entry point. *t*~exit~ represents the time at which the cell exits the 300-μm-long channel. *t*~transit~ represents the total time taken by the cell to reach from entry point to exit point. (C) Statistics of *t*~entry~ for various combinations of perimeter constraints (λ*~p,C~*, λ*~p,N~*) and different channel widths. Area constraints were kept fixed at . (D) Statistics of *t*~transit~ for various combinations of perimeter constraints (λ*~p,C~*, λ*~p,N~*) and different channel widths. Area constraints were kept fixed at . Error bars: ± SEM.](mbc-29-1599-g003){#F3}

Next, to determine the influence of cell and nuclear deformability on overall invasion efficiency, statistics of *transit time* (*t*~transit~), that is, time spent between entry point and exit point ([Figure 3, A and B](#F3){ref-type="fig"}), was obtained from the cases where the cell successfully transited the channel ([Figure 2A](#F2){ref-type="fig"}, right bottom). While *t*~transit~ increased with increase in cell stiffness ([Figure 3D](#F3){ref-type="fig"}), the strength of this dependence was set by the extent of confinement, with maximum sensitivity to cell stiffness observed for the widest channel (*φ* = 17 μm). Transit time also exhibited a dependence on nuclear stiffness, with highest transit time observed for cells with stiffest nucleus (i.e., ). This is consistent with experimental findings where 20- to 30-fold increase in expression levels of the nuclear membrane protein lamin A that dictates stiffness of the nuclear membrane ([@B32]; [@B31]; [@B44]) has been shown to cause a threefold increase in passage time of modified HL-60 lukemia cells when migrating through 5-µm constrictions ([@B52]). For the same combinations of cell and nuclear stiffness, for majority of the cases, higher transit time was observed with decrease in channel size.

Since cell/nuclear area constraints were kept constant in the above simulations, we next performed simulations for various area constraints but constant perimeter constraints ((λ*~p,C~*, λ*~p,N~*) = (2,2) ) (Supplemental Figure S4). Both entry time and transit time were nearly insensitive to nuclear area constraint and only mildly sensitive to cell area constraint (Supplemental Figure S4). Together, these results suggest that compared with nuclear deformability, cell deformability exhibits a much stronger influence on invasion efficiency.

Given the reduction in invasion efficiency with increase in the extent of confinement (i.e., increase in transit time with reduction in channel width), we next asked if confinement-dependent dynamic tuning of cell/nuclear deformability might be a strategy utilized by cells during migration through tight spaces. Elevated levels of actomyosin contractility---which mediates nuclear translocation through tight spaces ([@B68])---can cause buckling and subsequent fragmentation of actin filaments, thereby leading to cell softening ([@B42]; [@B64]). Given the viscoelastic nature of the nucleus ([@B44]), migration through confined spaces is also expected to reduce the effective nuclear stiffness over time. Nuclear rupture events observed during migration through highly confined regions ([@B13]; [@B50]) may represent another prospective mechanism of confined migration by transient softening of the nucleus. To test if confinement-dependent tuning of cell/nuclear stiffness can indeed increase cell invasiveness, simulations were performed wherein a cell migrated through a long stepped channel comprising four regions each 70 μm in length. The channel widths of the four regions were *φ* = 17, 11, 7, and 5 μm, respectively (Supplemental Figure S5A). For simulating dynamic tuning of cell/nuclear properties, the area constraints were assumed to decrease from in the first segment of the channel (i.e., *φ* = 17 μm) to in the last segment of the channel (i.e., *φ* = 5 μm). For these simulations, the perimeter constraints were kept constant. Transit times were then computed for the middle 50-μm segment in each of the four regions. Compared to the case of constant area constraints (), confinement-dependent dynamic tuning of cell/nuclear properties led to increased invasiveness with ≈40% lower transit time observed in the narrowest 5-μm region (Supplemental Figure S5B).

Influence of confinement geometry on invasion efficiency
--------------------------------------------------------

To enter into highly confined channels, cells must continuously change their shape. While cell deformability is essential, confinement geometry itself may also play an important role in enabling shape changes, thereby influencing entry efficiency. To probe the effect of confinement shape on entry efficiency, we compared efficiency of cell entry into a channel of size *φ*= 5 μm for two different confinement geometries. Of these, the tapered geometry as used before is expected to serve as a guidance cue thereby enabling cells to enter the channels ([Figure 4A](#F4){ref-type="fig"}). Such a guidance cue is absent for the case of the channel with flat entry ([Figure 4B](#F4){ref-type="fig"}). Consistent with our reasoning, in contrast to the tapered channel where entry efficiency was ∼100% ([Figure 2B](#F2){ref-type="fig"}), \<75% of cells were able to enter the channel with flat geometry ([Figure 4C](#F4){ref-type="fig"}). Also, cells took significantly more time to enter into flat channels compared with tapered channels for all four combinations of cell and nuclear perimeter constraints ([Figure 4D](#F4){ref-type="fig"}). While entry times were comparable for both the geometries for stiff cell/nucleus (i.e., (λ*~p,C~*, λ*~p,N~*) ≥ (10,10) *E/L*^2^), entry into tapered channels is significantly faster compared with flat channels when cell/nucleus were soft (i.e., (λ*~p,C~*, λ*~p,N~*) ≤ (5,5) *E/L*^2^) ([Figure 4D](#F4){ref-type="fig"}). Faster entry in tapered channels at lower perimeter constraints can be attributed to the fact that deformable cells (i.e., cells with lower perimeter constraints) can more effectively change their shape under confinement. As intuitively expected, no difference in transit time was observed for the two different channel shapes (Supplemental Figure S6).

![Cell entry into channels of different shape. (A, top) Channel with tapered shape at entry. (A, bottom) Time evolution of cell shape during migration through a 5-μm channel with tapered geometry at entry point. (B, top) Channel with flat shape at entry. (B, bottom) Time evolution of cell shape during migration through a 5-μm channel with flat geometry at entry point. (C) Entry efficiency into tapered and flat channels for four different combinations of cell and nuclear perimeter constraints (λ*~p,C~*, λ*~p,N~*). Red indicates the percentage of cases where the cell got trapped at entry. Green indicates the percentage of cases where the cell successfully transited the channel. (D) Entry times for tapered and flat channels for four different combinations of cell and nuclear perimeter constraints (λ*~p,C~*, λ*~p,N~*). Error bars: ± SEM. (E) Entry efficiency into tapered and flat channels for four combinations of cell and nuclear area constraints (λ*~p,C~*, λ*~p,N~*). Red indicates the percentage of cases where the cell got trapped at entry. Green indicates the percentage of cases where the cell successfully transited the channel. (F) Entry times for tapered and flat channels for four different combinations of cell and nuclear area constraints (λ*~p,C~*, λ*~p,N~*). Error bars: ± SEM.](mbc-29-1599-g004){#F4}

Since our previous results revealed that area constraints influence entry efficiency in a way different than perimeter constraints ([Figure 2, B and C](#F2){ref-type="fig"}), simulations were performed where area constraints were varied and perimeter constraints were kept constant. Entry efficiency into flat channels dropped significantly with increase in area constraint ([Figure 4E](#F4){ref-type="fig"}). Additionally, in contrast to the nonlinear dependence of entry time on perimeter constraint observed in the case of tapered channels, entry time exhibited a gradual increase with increasing area constraint ([Figure 4F](#F4){ref-type="fig"}). Collectively, these results suggest that when cells are compliant, appropriate confinement geometry can enhance cell invasiveness by providing suitable guidance cues.

Influence of confinement history on entry efficiency
----------------------------------------------------

In the above simulations, faster entry into tapered channels illustrates the importance of guidance cues in influencing invasion efficiency by effecting gradual changes in cell/nuclear shape leading to the final squeezed state. However, the extent to which this squeezing influences cell invasiveness at later time points remains unclear. We hypothesize that cell invasiveness of a squeezed cell at later time points is dictated by the timescale of its relaxation. To test this, simulations were performed wherein cell migration through a channel with a confined region was followed by an unconfined region, that is, region with width larger than the cell diameter ([Figure 5A](#F5){ref-type="fig"}). Relaxation of the cell was tracked by quantifying the total cell area as a function of time. Simulations were performed for four different combinations of cell/nuclear area constraints, that is, (λ*~a,C~*, λ*~a,N~*) = (2,2), (5,5), (10,10), (10, 20) *E/L*^4^, with cell/nuclear perimeter constraints kept constant at

![Cell migration through confinement of different geometry. (A, top) Cell migration through a channel comprising a confined region (φ = 5 μm) followed by an unconfined region (φ = 17 μm). Bottom, representative trajectory of the cell showing the cell position and cell area as a function of time for (λ*~p,C~*, λ*~p,N~*) = (2,2) *E/L*^2^ and (λ*~p,C~*, λ*~p,N~*) = (2,2) *E/L*^4^. As the cell exits the confined region, it regains its original volume. The relaxation time (*t*~relax~) is defined as the time required by the cell to regain its original volume after exiting the confined region. Relaxation distance (*d*~relax~) is defined as the distance moved by the cell during *t*~relax~. (B, C) *t*~relax~ and *d*~relax~ for four different combinations of area constraints (λ*~p,C~*, λ*~p,N~*). The perimeter constraints were kept fixed at (λ*~p,C~*, λ*~p,N~*) = (2,2) *E/L*^2^. (D) Cell migration through a channel comprising two confined regions (φ = 5 μm) separated by an unconfined region (φ = 17 μm) of length *d*~GAP~ (varied in the simulations). (E) Entry efficiency for six different values of *d*~GAP~ for (λ*~p,C~*, λ*~p,N~*) = (2,2) *E/L*^2^ and (λ*~p,C~*, λ*~p,N~*) = (5,5) *E/L*^4^.](mbc-29-1599-g005){#F5}

(λ*~p,C~*, λ*~p,N~*) = (2,2) *E/L*^2^. Temporal dynamics of cell area revealed the existence of a characteristic timescale of relaxation (*t*~relax~) and a characteristic length scale of relaxation (*d*~relax~) ([Figure 5A](#F5){ref-type="fig"}, bottom panel). While *t*~relax~ corresponds to the time taken by the cell to regain its unconfined area after exiting the confined region, *d*~relax~ corresponds to the distance travelled by the cell during this time. Somewhat surprisingly, both *t*~relax~ and *d*~relax~ were mildly sensitive to cell/nuclear deformability ([Figure 5, B and C](#F5){ref-type="fig"}), with *t*~relax~ ∼ 205 h and *d*~relax~ ∼ 35 μm.

To next probe the extent to which partial squeezing of the cell impacts its invasiveness at later times, simulations were performed where a cell migrated through a channel having two confined regions (*φ* = 5 μm) separated by an unconfined region of width *φ*= 17 μm and length *d*~GAP~ ([Figure 5D](#F5){ref-type="fig"}, Supplemental Videos V8 and V9). *d*~GAP~ was varied in these simulations to determine if entry efficiency is higher when *d~GAP~*≤ *d~relax~*. For these simulations, moderate values of area constraints (i.e., (λ*~a,c~*, λ*~a,N~*) = (5,5) *E/L*^4^) and the lowest values of perimeter constraints (i.e., (λ*~p,C~*, λ*~p,N~*) = (10,10) *E/L*^2^) were used. Consistent with our line of reasoning, entry efficiency was \>75% as long as the separation between two confined regions was lesser than *d*~relax~ ([Figure 5E](#F5){ref-type="fig"}). Beyond this length scale, entry efficiency dropped with further increase in *d*~GAP~ with ≈50% efficiency for *d*~GAP~ = 75 μm. Together, these results suggest that in addition to current state of confinement, the extent of confinement experienced by invading cells in recent past also influences cell invasiveness.
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DISCUSSION
==========

The importance of cell and nuclear deformability on cancer invasiveness is well appreciated. However, their relative importance in dictating invasiveness depending on the extent of confinement has not been fully probed. Here we address this important question computationally using a multicompartment model of a cell that takes into account both cell and nuclear dimensions as well as their deformability. Thus, this model can also be utilized for probing biophysics of diseases such as Hutchinson-Gilford progeria syndrome where physical properties of nucleus are perturbed ([@B20]; [@B63]). While the strength of this approach lies in the ability to independently tune cell/nuclear properties (which is experimentally not possible), as well as extending our model to three dimensions, many other biological aspects (e.g., calcium signalling \[[@B23]\]) have not been taken into consideration to keep the model simple. To avoid explosion of parameter space and for keeping our model tractable, we have not incorporated cytoskeletal dynamics ([@B9]; [@B45]; [@B41]) or accounted for cellular organelles such as Golgi ([@B43]; [@B49]; [@B40]), mitochondria ([@B14]), and centrosome ([@B71]; [@B37]), which have all been reported to influence migration effeciency.

Studies by several research groups have demonstrated that cells can migrate directionally even in the absence of chemokines by alternate mechanisms such as confinement-induced polarization ([@B4]; [@B35]; [@B8]; [@B47]), development of polarization due to in-flow of water at the cell front and out-flow of water at the cell rear ([@B56]), and cortex-destablization induced fast migration ([@B24]). However, even in the absence of chemokines, cells can create chemotactic gradients through nonuniform chemokine uptake ([@B53]). The current version of the model is not suitable for studying cell migration in the absence of chemokine gradients or with such de novo generated directional cues. Incorporating these aspects in our model represent future directions for extending this work.

Cell invasiveness in three-dimensional environments is dictated by a combination of cell/nuclear size, cell adhesivity, cell contractility, and cell/nuclear stiffness, with cells suitably combining one or more of these variables in a context-dependent manner to optimize invasion ([@B68]). Biophysical measurements of cell/nuclear stiffness have demonstrated a strong positive correlation between cell/nuclear deformability (i.e., softness) and malignancy ([@B66]; [@B57]; [@B70]; [@B22]). Nuclear deformability represents another rate-limiting factor of three-dimensional cell migration, with nuclear softening associated with increased migration ([@B68]; [@B11]; [@B29]). Given the strong nucleocytoskeletal coupling in cells, it is experimentally challenging to independently tune cell and nuclear stiffness to understand their individual influence on invasion efficiency. The multicompartment computational modeling framework developed in this study can be a very useful tool to complement experimental studies for identifying the individual contributions of cell/nuclear deformability on cell invasiveness. In our simulations, cell and nuclear properties were tuned by varying perimeter constraint and area constraint. These constructs have been used by different modeling formalisms, including cellular potts models and vertex models with perimeter constraint indicative of line tension and area constraint indicative of bulk stiffness ([@B16]). Our results suggest that, compared with nuclear deformability, cell deformability has a stronger effect on migration efficiency. Though a direct mapping between area/perimeter constraints with experimentally measured stiffness values is not straightforward, increase in area/perimeter constraints should lead to reduction in invasiveness. For example, higher nuclear perimeter constraints can be correlated with higher expression of the nuclear membrane protein Lamin A/C, making the nucleus less deformable and the cell less invasive, as has been observed experimentally ([@B52]).

Tracking temporal dynamics of cell transit through channels allowed us to identify the major bottlenecks that impede cell motility at different stages of confined migration. Requirement of distinct mechanical properties of cell/nucleus at different stages of migration necessitates dynamic tuning of cell and nuclear properties during invasion. Thus, while increased softening has been associated with increased invasiveness ([@B57]; [@B48]; [@B70]; [@B68]; [@B29]), our results suggest that some stages of invasion may require moderate cell/nuclear stiffness. Strain stiffening and viscoelastic stress relaxation observed in other biopolymer networks may represent some of the mechanisms by which dynamic alterations in cell and nuclear properties are enabled ([@B44]; [@B36]). Though our simulation results demonstrate the utility of confinement-dependent cell/nuclear softening during migration through confined geometries, the existence of such confinement-dependent dynamic phenotypic alterations and identification of underlying mechanisms remains to be established experimentally.

Differences in the metastatic potential of cells emanating from the same tumor has been linked to tumor heterogeneity. In addition to this, our results identify two important cell extrinsic factors---extent of confinement and confinement geometry---that influence cancer invasiveness. Our simulations of cell migration through two different channel geometries (tapered and flat) illustrate the importance of confinement geometry in dictating cancer invasiveness. While tapered geometries mediate cell entry into narrow pores by providing cues that enable cells to evolve their shape over time, cells entering channels with flat geometries fail due to absence of appropriate guidance. Given the innate heterogeneity in ECM organization, invasion efficiencies of two cells of identical size and identical cell and nuclear stiffness may vary due to differences in the confinement architecture faced by them. Our study, for the first time, suggests that confinement history influences invasion efficiency by altering entry efficiency. Extent of confinement witnessed by a cell in recent past modulates the extent of cell squeezing; this in-turn influences entry efficiency during entry into subsequent confined regions. Studying the existence of this phenomena represents one of the avenues for further experimental work in this direction.

The effect of ECM confinement on cytoskeletal and nucleoskeletal organization have been demonstrated by various groups ([@B46]; [@B12]). It is possible that these alterations in cell/nuclear properties directly impact the efficiency of cell migration, thereby linking confinement history and invasion efficiency. While no specific mechanism of dynamic tuning of cell/nucleus deformability was considered in this model to maintain generality and to avoid large number of parameters, confinement-dependent rupturing of the nuclear envelope, and its subsequent repair, could be one of the mechanisms for spatiotemporal modulation of nuclear stiffness ([@B13]; Raab *et al.*, 2016). Similarly, though advancements in technologies facilitating probing of nuclear mechanics have provided significant details about mechanisms of force transmission to nucleus ([@B27]), extending our current model by incorporating these finer details is expected to provide additional insight into how spatiotemporal alterations in nuclear deformability can increase invasion efficiency.

Recently, by studying migration of cells and cytoplasts (i.e., cells from where the nuclei have been removed), Burridge and coworkers demonstrated that the nucleus is a critical component of an integrated molecular clutch that links the nucleus to focal adhesions through the actomyosin cytoskeleton ([@B21]). Thus, while enucleation (i.e., removal of nucleus) induces loss of contractility ([@B21]), reduction of ECM stiffness, inhibition of cell contractlity, or disruption of the LINC complex are all expected to induce nuclear softening. Consistent with this idea, ECM stiffness has been shown to regulate nuclear properties by regulating lamin A/C phosphorylation ([@B7]). Since myosin IIB-based contractility is critical for enabling nuclear translocation during three-dimensional invasion ([@B61]), it remains to be seen if confined migration can be sustained by a combination of nuclear softening and loss of contractility achieved by transient delinking of the actomyosin cytoskeleton from the nucleus.

In conclusion, this work provides several novel insights into the role of cell and nuclear deformability on cell invasiveness. In addition, our model implicates confinement shape and history as cell extrinsic regulators of invasion efficiency. The model can also be extended to incorporate other aspects of nuclear mechanics. For example, representation of the nucleus as a multicompartment entity can enable us to incorporate mechanical properties of distinct nuclear regions (e.g., nuclear envelope, nucleoplasm) to probe their individual roles in migration. Additionally, incorporation of cytoskeletal dynamics dictated by topographical (e.g., confinement) and chemical cues (e.g., chemokines, calcium) can be pursued as future directions of this work. Construction of a model connecting confinement size/geometry with cell/nuclear deformability that accounts for the integrated molecular clutch is expected to further improve our understanding of confined migration.

MATERIAL AND METHODS
====================

Simulation algorithm
--------------------

The complete simulation lattice was decomposed into four types of pixels: cytoplasm pixel, nucleus pixel, fluid (free space), and ECM pixel (represent nondeformable confinement). Spatiotemporal evolution of the simulation lattice was governed by random movement of individual pixels subjected to transition probabilities based on the Monte Carlo method ([@B58], [@B30]). Algorithmically, during each move, two neighboring pixels were chosen randomly, with one designated as the *source* pixel and the other one as the *target* pixel (Supplemental Figure S2A). An attempt to update the lattice was made only when both the *source* and the *target* pixels represented either a cell pixel (i.e., either a nucleus pixel or a cytoplasm pixel) or a fluid pixel, that is, matrix pixels did not participate in the random Monte Carlo updates. As result of this update, the *source* pixel attempted to occupy the *target* pixel based on Monte Carlo acceptance probability (Supplemental Figure S2B). To do this, the total system energy associated with the configuration before the proposed move (*E~i~*) and the configuration after the proposed move (*E~f~*) were calculated as per the following equation:

In this expression, σ(*i*) represents the compartment ID of pixel i and τ(C) represents the type of compartment C. Five different energy terms contribute to the total energy of the system (*E*~total~). The first term accounts for the adhesive/repulsive dynamics between different type of compartments (e.g., between a cytoplasmic and nuclear compartment) or two compartments of the same type (e.g., between two cytoplasmic compartments). *J~t~*~1~,~t2~ represents the boundary energy per unit length between compartment of type *t*~1~ and *t*~2~ (e.g., *J~c,c~* represents the interface energy per unit length between two adjacent cytoplasmic compartments), with higher value of *J~X,X~* indicative of lower adhesion and vice versa ([@B30]). While such interface energies have been used to model wide range of phenomena including cell--cell adhesion and cell--ECM adhesion ([@B30]), in the current model, we have used this energy term to make sure that the nucleus remains inside the cytoplasm and does not come to the cell surface. This was achieved by assigning very high +ve interface energy for nucleus--matrix and nucleus--medium interfaces ([Table 1](#T1){ref-type="table"}). Additionally, -ve energies were assigned for cytoplasm--cytoplasm, cytoplasm--nucleus, and nucleus--nucleus interfaces to ensure that the cell cytoplasm and cell nucleus remain connected. The second term in [Eq. 1](#m1){ref-type="disp-formula"} was included to avoid cell fragmentation by constraining the intercompartment distance between two neighboring compartments. In this term, *k~c~*~1,~*~c~*~2~ represents the strength of connectivity, *d~c~*~1,~*~c~*~2~ represents the desired distance between center of masses of compartments *c*~1~ and *c*~2~, and *r~c~*~1,~*~c~*~2~ represents the Euclidean distance between the center of masses of two compartments. In the third and fourth energy terms, area constraints *λ~a~*~,~*~X~* and perimeter constraints *λ~p~*~,~*~X~* were used to avoid excessive deviations in (cytoplasmic and nuclear) compartment areas/perimeters from their preferred area () and their preferred perimeter (), respectively. Both area and perimeter constraints control the rigidity of the cytoplasmic/nuclear compartments ([@B58]), and these parameters were varied to study the effect of cell/nucleus deformability on migration through confined environments. A separate set of simulations was performed to study the influence of area constraint on variation of cell and nuclear area (Supplemental Figure S7, discussed below). Finally, the last term in [Eq. 1](#m1){ref-type="disp-formula"} was included to model chemotaxis of cells in the direction of the chemoattractant gradient ([@B12]). μ~σ~ encodes effective chemical potential, which influences the strength of chemotaxis relative to other parameters in the model. *v*(target) and *v*(source) represent the concentrations of chemoattractant at the *target* and *source* pixels, respectively ([Figure 1](#F1){ref-type="fig"}). While directed migration has been been implemented using multiple approaches including polarization-based rules ([@B54]; [@B30]), in this work, we have used a chemotaxis-based approach that closely mimics the experimental setup developed by Piel and coworkers ([@B12]).

###### 

Values of parameters used in simulations.

  Parameter                                                    Value                                                                              Remark
  ------------------------------------------------------------ ---------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Pixel size                                                   1 μm × 1 μm                                                                        Value optimized to balance the trade-off between spatial resolution and simulation complexity.
  Total simulation time                                        40 h                                                                               Large enough so cell can transit through a 300-μm-long channel.
  *k*                                                          20 *E/L*^2^                                                                        Assumed in the article. Value optimized to make sure that all cell compartments remain connected.
  *J~XX~*                                                      (~JCC~, *J*~CN~, *J*~NN~, *J*~NMat~, *J*~NMed~) = (--50,--50,--60,100,100) *E/L*   Assumed in the article. Values optimized to ensure that all compartments remain as single entity and nucleus compartment remains inside the cytoplasm compartment.
  Perimeter constraint of cytoplasmic compartment (λ*~p,C~*)   2 -- 10 *E/L*^2^                                                                   Value varied to model extent of cell deformability. See text.
  Perimeter constraint of nuclear compartment (λ*~p,N~*)       2 -- 20 *E/L*^2^                                                                   Value varied to model extent of nuclear deformability. See text.
  Area constraint of cytoplasmic compartment (λ*~a,C~*)        2--10 *E/L*^4^                                                                     Value varied to model extent of cell deformability. See text.
  Area constraint of nuclear compartment (λ*~a,N~*)            2--20 *E/L*^4^                                                                     Value varied to model extent of cell deformability. See text.
  Equilibrium compartment area ()                              25 μm^2^                                                                           Value determined based on experimental data which show that cell area is in the range 200--270 μm^2^ (Supplemental Figure S1, A and B).
  Equilibrium compartment perimeter ()                         17.72 μm                                                                           Value calculated by assuming that each compartment is circular in shape.
  Strength of chemotaxis force (*μ*~σ~)                        5000                                                                               Assumed in this article.
                                                               i+0.j                                                                              Unit vector in +ve *x*-direction to make sure that a cell moves through the channel.
  *T~m~*                                                       10 E                                                                               Value assumed in the model to balance the trade-off between simulation time and noise level. See text.

*E* and *L* represent the energy and length dimensions, respectively. *L* is 1 μm in our study.

Once the total energy of the system before the move (*E~i~*) and after the move (*E~f~*) were determined, the probability (*ρ*) of accepting the move was calculated as per the expression *p* =1 if (*E~f~*--*E~i~*≤ 0). Else, if *E~f~*--*E~i~*\> 0 (Supplemental Figure S2B). Boltzmann acceptance function-based stochastic evolution of the system using this probabilistic approach tries to drive the system towards a state with lower energy ([@B39]). In CPM, *T~m~* represents the strength of noise in the dynamics or magnitude of effective membrane fluctuations. While increase in *T~m~* increases the chances of accepting an unfavorable move and increases stochasticity in the simulations, lower values of *T~m~* make the system highly deterministic ([@B58]). Last, each Monte Carlo step (MCS) corresponded to repeating this exercise *N* times (*N* being the total number of lattice pixels that can be evolved) irrespective of whether the moves were accepted or not.

Parameter values and model assumptions
--------------------------------------

All parameter values used in the model were either taken from the literature or were chosen based on our own experiments. The values of the model parameters are listed in [Table 1](#T1){ref-type="table"} and the rationales behind these values are as follows:Based on experiments with MDA-MB-231 human breast cancer cells, the total cell area was estimated to be ≈225 μm^2^ (Supplemental Figure S1, A and B). Since a single cell is composed of nine compartments, each compartment size was chosen to be 25 μm^2^. From this size, we calculated the perimeter of each compartment to be ≈17.72 μm () by assuming that each compartment is circular in shape. Further, since the length scales of all entities are in multiples of μm and smallest length scale involved in our system is 3 μm (size of narrowest channel), we chose 1 pixel to be equivalent to 1 μm × 1 μm.Based on our experimental observations where we observed a higher nuclear stiffness (2--6 kPa) than cell stiffness (0.5--2.5 kPa) for MDA-MB-231 cells (Supplemental Figure S1, C--E), we assumed in our simulations with max(λ*~p,C~*) = 0.5 × max (λ*~p,N~*).Values of adhesion energies (*J~X,X~*) and elastic constant (*k*) were chosen to ensure that the nucleus remained inside the cell body and the cell compartments remained attached to each other.A separate set of simulations with various area constraints (λ~a~) and perimeter constraint (λ~a~) was also performed to assess the importance of these parameter in our simulations (Supplemental Figure S7). In these simulations, cells were placed in unconfined environment and cell/nuclear area was quantified at every MCS.The magnitude of effective membrane fluctuations (*T~m~*) and chemotaxis strength (μ*~σ~*) were assumed in our model. Since both *T~m~* and μ*~σ~* parameters (i.e., their relatives value with respect to other parameters) influence cell motility ([@B25]; [@B58]), we collectively tuned these parameters to balance the trade-off between simulation time and noise in the system. While very low values of *T~m~* and *μ~σ~* freezes the cell movement thereby requiring significantly large number of MCS to simulate cell movement through the channel, very high values of *T~m~* is expected to increase the noise in the system ([@B58]).To determine the value of one simulation step (1 MCS), we quantified the speed of the MDA-MB-231 cells migrating on two-dimensional gels and compared that speed with the speed of simulated cells when migrating through the least confined environment, that is, φ =17 μm. This comparison was performed at moderate values of cell and nuclear stiffness, that is, λ*~p,C~*= λ*~p,N~* = 5 . In simulation, cells with λ*~p,C~* = λ*~p,N~*= 5 transited through a 300-μm-long channel in 15,000 MCS, thereby giving a speed of 0.02 μm/MCS. On comparing this speed with experimentally observed speed of MDA-MB-231, that is, ∼10 μm/h (Supplemental Figure S8), we obtain 1 MCS = ≈7 s.Last, perimeter and area constraints of cytoplasm and nucleus compartments were varied in our study to explore the effect of cell and nuclear deformability on cell invasiveness.

Simulation implementation, visualization and data analysis
----------------------------------------------------------

The complete simulation framework was implemented using the open-source package CompuCell3D (CC3D) ([@B58]). Additional code scripts were written in Python to implement custom routines. Detailed description of the simulation implementation is provided in the Supplemental text. For visualization, \*.vtk files were generated from the CC3D simulations and visualized in Paraview software ([@B1]). For quantifying migration trajectories, cell centroid was tracked and logged to CSV files. These files were then processed in Matlab using custom-written Matlab scripts to extract different invasiveness metrics.

Code availability
-----------------

CC3D code used to implement the complete model will be available to interested researchers upon request. Such requests can be sent to the corresponding author.

Supplementary Material
======================
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Click here for additional data file.
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